ABSTRACT Flagella are sensory organelles that interact with the environment through signal transduction and gene expression networks. We used microarray profiling to examine gene regulation associated with flagellar length change in the green alga Chlamydomonas reinhardtii. Microarrays were probed with fluorescently labeled cDNAs synthesized from RNA extracted from cells before and during flagellar assembly or disassembly. Evaluation of the gene expression profiles identified .100 clones showing at least a twofold change in expression during flagellar length changes. Products of these genes are associated not only with flagellar structure and motility but also with other cellular responses, including signal transduction and metabolism. Expression of specific genes from each category was further characterized at higher resolution by using quantitative real-time PCR (qRT-PCR). Analysis and comparison of the gene expression profiles coupled to flagellar assembly and disassembly revealed that each process involves a new and uncharacterized whole-cell response to flagellar length changes. This analysis lays the groundwork for a more comprehensive understanding of the cellular and molecular networks regulating flagellar length changes.
C ELLS monitor and respond to changes in the environment through tight coordination of signal transduction and gene expression networks. Cilia and flagella, similar complex organelles that receive and integrate extracellular signals, play a major role in mediating how a cell interacts with its environment (reviewed by Ainsworth 2007 and by Christensen et al. 2007) . Recently, studies of such diverse model systems as Chlamydomonas reinhardtii, Caenorhabditis elegans, Drosophila melanogaster, and Mus musculus (reviewed by Davenport and Yoder 2005; Pan et al. 2005) have linked defects in ciliary structure and function directly to known human diseases such as polycystic kidney disease and BardetBiedl syndrome (Pazour et al. 2000 (Pazour et al. , 2005 Li et al. 2004; Sun et al. 2004; Stolc et al. 2005) . Identification of the components and mechanisms involved in flagellar structure and function has begun to elucidate the signal transduction networks, but the genes involved remain incompletely understood (Davenport and Yoder 2005) .
The unicellular green alga C. reinhardtii provides an excellent model system for investigating flagellar gene expression network responses. It has two flagella that act as environmental sensors for the cell. Changing the cell's environment in various ways causes changes in flagellar morphology. For example, experimental acidification of the medium (acid shock) induces flagellar excision (Witman et al. 1972) followed by regrowth (hereafter referred to as assembly) of new flagella within 2 hr (Rosenbaum et al. 1969; Lefebvre et al. 1978) . Stimulation with either isobutyl methylxanthine (IBMX) (Lefebvre et al. 1980) or sodium pyrophosphate (Lefebvre et al. 1978) induces resorption or shortening of the flagella (hereafter referred to as disassembly).
Many previous investigations have demonstrated coordination between flagellar gene expression and flagellar assembly. During the course of flagellar assembly, for example, genes encoding a-and b-tubulin are transiently upregulated and return to prestimulation levels as the regenerating flagella reach full length (Lefebvre et al. 1980; Silflow et al. 1982; Baker et al. 1984; Keller et al. 1984; Schloss et al. 1984) . Recent genomic and proteomic studies by Stolc et al. (2005) and Pazour et al. (2005) have profiled similar expression patterns for large numbers of additional genes during flagellar assembly. Although the coordination of structure and gene expression is well characterized for flagellar assembly, known gene regulation during disassembly is largely limited to a decrease in expression of a-and b-tubulin mRNA levels (Lefebvre et al. 1980; Silflow et al. 1982 ).
An important aspect of understanding coordination of flagellar structure and function is identification of genes whose expression is regulated during flagellar assembly and disassembly. We used a genomics approach to identify C. reinhardtii genes showing changes in expression during flagellar disassembly. By evaluating a large gene set, we established an expression profile for flagellar disassembly. Furthermore, we compared the 1 expression profile for disassembly to that for assembly to determine whether common sets of genes are coordinately or differentially regulated. Because many structural genes are already characterized, uncovering genes associated with the regulatory mechanism was of particular interest. Evaluation of assembly and disassembly expression profiles provides a necessary step for defining the complex cellular and molecular networks involved in regulating flagellar length change.
MATERIALS AND METHODS
Cell culture: C. reinhardtii wild-type strain 137c
À (CC-124) (Chlamydomonas Center, http:/ /www.chlamy.org) was cultured in medium I (Sager and Granick 1953) at 25°with continuous aeration on a 14:10-hr light:dark cycle. Before stimulation, cells were harvested by centrifugation ($4000 3 g, 6 min) and then resuspended in a buffer containing 10 mm piperazine-N,N9-bis[2-ethanesulfonic acid]-potassium hydroxide (PIPES-KOH), pH 7.2, 500 mm CaCl 2 . Cells recovered under fluorescent light at room temperature for 2 hr. To monitor cell viability and flagellar lengths, we fixed a cell sample in an equal volume of 2% glutaraldehyde and examined the sample by phase-contrast microscopy (Carl Zeiss, Thornwood, NY). Flagellar lengths were measured with an ocular micrometer.
Cell stimulation and total RNA extraction: For measurement of flagellar assembly, acetic acid (0.2 n) was added to the cell culture to lower the sample pH to ,4.3 and then, after 30 sec, KOH (0.2 n) was added to return the sample to pH 7.2 (Evans and Keller 1997) . This acid shock experimentally induced flagellar excision, which was followed by assembly. For measurement of disassembly, disassembly was experimentally stimulated by IBMX (Sigma, St. Louis). IBMX was dissolved in dimethyl sulfoxide (DMSO; Sigma) to a stock concentration of 200 mm. Cells were stimulated by addition of IBMX to a final concentration of 0.4 mm (Lefebvre et al. 1980) . At 30, 60, and 90 min after stimulation, live cells were examined, and the percentages of deflagellation and flagellar length were determined on fixed cells. Total RNA was extracted before and at 30, 60, and 90 min after stimulation with the RNeasy mini kit (QIAGEN, Valencia, CA). The concentration of total RNA was determined by measurement of the A 260 /A 280 with UV spectrophotometry (NanoDrop, Wilmington, DE) and RNA integrity was assessed with guanidine thiocyanate denaturing gels. For each stimulus, total RNA at each time point was extracted on three different days.
Fabrication of microarray: C. reinhardtii cDNA clones were prepared from a cDNA library (Chlamydomonas Center, http:/ / www.chlamy.org) cloned into a Stratagene (La Jolla, CA) Uni-ZAP mass excision vector system. This cDNA library was prepared from RNA isolated 15, 30, and 60 min after deflagellation by acid shock treatment. Plasmids were isolated with a 96-well vacuum manifold to produce 960 clones (Eppendorf, Westbury, NY, and Millipore, Billerica, MA). cDNA inserts from each clone were PCR amplified (Eppendorf Master Taq) with T3 and T7 primers in a 96-well format according to this protocol: 94°for 1 min; 30 cycles of 94°for 30 sec, 50°for 1 min, and 72°for 2 min; followed by an extension phase of 72°f or 10 min. Every PCR reaction produced a single band on a 1% agarose gels. As controls, purified PCR products from aand b-tubulins, radial spoke proteins (RSP3, RSP4, and RSP6), and pcf8-13 were included.
PCR products were suspended in 50% DMSO, which promotes hybridization (Hegde et al. 2000) , and distributed into 384-well microtiter plates (Genetix, Boston) to a final concentration of 100 ng/ml (Yue et al. 2001) . Arrays were printed with a 16-quill pin tool on the MicroGrid robot (BioRobotics, Cambridgeshire, UK) at a 0.4-mm pitch. In the custom spotting pattern, each sample was duplicated as a control for quality and variability across the slide (Yang and Speed 2002; Bowtell and Sambrook 2003) . To ensure uniform spot morphology, we controlled temperature (20°-35°) and relative humidity (45-55%) levels throughout the array printing (Hegde et al. 2000) . Purified PCR products were spotted onto Corning (Corning, NY) CMT-GAPS II slides, with an average spot diameter of 200 mm, and immobilized by baking at 80°for 5 hr (Corning CMT-GAPS II DMSO protocol). The printed slides were stored until use in a desiccator at room temperature.
Fluorescent labeling and hybridization: Total RNA (20 mg) was converted into first-strand cDNA with the SuperScript Indirect cDNA labeling system (Invitrogen, Carlsbad, CA). Immediately after cDNA synthesis, the original template was hydrolyzed and cDNA products purified with the S.N.A.P. column purification module (Invitrogen). The amino-allylmodified cDNA from each time point was coupled to one of four different Alexa Fluor dyes (Invitrogen): Alexa Fluor 555 for untreated, Alexa Fluor 647 for 30 min, Alexa Fluor 594 for 60 min, and Alexa Fluor 488 for the 90-min time point. The microarray slides were prehybridized in 53 SSC (Fisher Scientific, Waltham, MA), 0.1% SDS (Sigma), and 25% formamide (Fisher Scientific) for 45 min at 42°; rinsed in distilled water; allowed to dry; and then placed in a hybridization chamber (ArrayIt, Telechem International, Sunnyvale, CA). Each microarray slide was then cohybridized with a mixture of the four Alexa-Fluor-labeled cDNAs at 42°for 18 hr in the dark. After hybridization, the slides were washed once in 13 SSC, 0.2% SDS, at 55°for 10 min; twice in 0.13 SSC, 0.2% SDS, at 55°for 10 min; twice in 0.13 SSC at room temperature for 1 min; and once in dH 2 O at room temperature for 10 sec. (Amersham Biosciences protocol). The slides were allowed to dry and then laser scanned with the ScanArray 5000XL scanner (GSI Lumonics, Moorpark, CA). Labeling and hybridization for each time course were repeated three independent times.
Microarray data analysis: QuantArray imaging software (BD Biosciences, San Jose, CA) was used to quantify fluorophore intensity. Background intensity was subtracted from spot intensity by a fixed-circle segmentation method. The resulting data were exported, and GeneSifter web-based software (http:/ / www.genesifter.net) normalized them (Global Adjust) to correct for systematic differences in the intensity of the channels (Bowtell and Sambrook 2003) . Fold change for each time point was calculated by comparing to the untreated sample. Selection criteria for evaluation of expression included a pairwise comparison of biological and on-slide replicates as well as a cutoff of twofold or greater change in relative abundance. The clones that met these criteria were chosen for DNA sequencing and characterization by database searches at the Joint Genome Institute ( JGI, http:/ /genome.jgi-psf.org/Chlre3/ Chlre3.home.html) and National Center for Biotechnology Information (NCBI, http:/ /www.ncbi.nlm.nih.gov).
Quantitative real-time polymerase chain reaction: On the basis of the selection criterion outlined above, several genes showing differential expression were chosen for further analysis by quantitative real-time polymerase chain reaction (qRT-PCR). Primer sets with a melting temperature of 59°-60°and a product size between 90 and 150 bp were designed using Primer Quest (Integrated DNA Technologies, Coralville, IA, http:/ /www.idtdna.com). Forward and reverse primer sets for each gene (Operon, Huntsville, AL; see supplemental Table 1 at http:/ /www.genetics.org/supplemental/) were diluted to 10 mm and tested for a single product of the correct size with standard PCR and gel electrophoresis. The same total RNA used for the microarray profiles was used for qRT-PCR. Firststrand cDNA synthesis was performed with 2 mg total RNA from each time point according to the manufacturer's protocol (SuperScript first-strand synthesis system for RT-PCR, Invitrogen). cDNA diluted 20-fold was combined with primer pairs and SYBR Green PCR master mix (Applied Biosystems, Foster City, CA) on an Applied Biosystems 7500 Fast Real-Time PCR system (Foster City, CA) according to the following protocol: 50°for 2 min; 95°for 10 min; 40 cycles of 95°for 15 sec, 60°for 30 sec, 68°for 30 sec; followed by a dissociation cycle. For each biological repetition, qRT-PCR was performed on all genes, including technical replicates and nontemplate controls. For each gene, a common threshold setting applied to each of the three biological replicates determined the threshold cycle (C T ). Relative abundance of each gene was determined by the 2
ÀDDCt method (Livak and Schmittgen 2001). pcf8-13 (Schloss 1990 ) was used as the endogenous control for calculation of relative abundance. Relative abundances for time points 30, 60, and 90 min after stimulation were then standardized to that for untreated cells. Fold change and standard error (SE) were log transformed for graphical representation.
RESULTS
Microarray construction and preliminary data analysis: We constructed our array using a cDNA library prepared from C. reinhardtii RNA isolated at 15, 30, and 60 min during flagellar assembly. The strategic use of the cDNA library that we used created an inherent bias in our analysis because known flagellar genes are induced during assembly, but it also increased the probability of identifying genes involved in the response to flagellar length change.
After experimentally induced flagellar excision, flagella assembled to $80% of the length of those of untreated cells by 90 min (Figure 1 ). After experimental stimulation of disassembly, flagella disassembled to $50% the length of those of untreated cells by 90 min (Figure 1 ). Control cells treated with DMSO, the solvent for IBMX, demonstrated no change in flagellar length (data not shown).
To assess differential gene expression over time, we extracted total RNA from cells before and at 30, 60, and 90 min following stimulation. Fluorescently labeled cDNAs synthesized from these RNAs were hybridized to the microarray. For each stimulus, the kinetics of how each gene responded was tracked over time through changes in relative abundance. The signal intensity at each time point compared to that of untreated cells reflects relative mRNA abundance. For each gene studied, the collective data from three independent experiments are visually represented in a heat map (Table 1) in which upregulation is represented in red, downregulation in green, and no change in black. Analysis of the 960 unique clones revealed that 118 showed a change in intensity of twofold or greater (Table 1) . These 118 clones were sequenced and characterized by means of JGI and NCBI database searches; genes showing less than a twofold change in intensity were not characterized further. The constitutively expressed pcf8-13 gene was included as a control. The expression patterns of the genes selected for characterization are described below.
Microarray expression profiling of flagellar assembly and disassembly: Our genomic expression profiling uncovered differential expression of several genes involved in the cellular response to flagellar assembly and disassembly. We organized these genes into four eukaryotic orthologous groups (KOG): cellular processes and signaling, information storage and processing, metabolism, and poorly characterized genes (Table 1) . Within each category, genes were subcategorized on the basis of their cellular or molecular functions. Figure 2 displays the distribution in each subcategory. The largest groups included cell motility (13%), energy production and conversion (17%), and signal transduction mechanisms (18%).
The levels of a-and b-tubulin mRNA abundance increased after acid shock (Table 1) , confirming previous studies of a-and b-tubulin expression during Clones (118) sequenced and characterized by JGI and NCBI database searches were grouped into eukaryotic orthologous groups. Heat maps show relative mRNA abundance at each time point compared to that of untreated cells. Upregulation is represented in red, downregulation in green, and no change in black.
a Heat maps generated using GeneSifter represent the collective data from three independent experiments.
b PCR products were included on microarray for control purposes. flagellar assembly (Lefebvre et al. 1980; Silflow et al. 1982; Baker et al. 1984; Cheshire et al. 1994; Schloss et al. 1984; Evans and Keller 1997; Stolc et al. 2005) . In contrast, the abundance of a-and b-tubulin mRNA decreased during flagellar disassembly (Table 1) , confirming previous in vitro translation studies (Lefebvre et al. 1980; Silflow et al. 1982) . We also extended the expression profile of disassembly to include other structural components of the flagellum. For example, cell motility genes (including but not limited to structural genes of the flagellum) encoding radial spoke proteins; the central pair-associated protein PF16; and DLC7b, a member of the LC7/ Roadblock family of dynein light chains, demonstrated downregulation during flagellar disassembly (Table 1) . Genes in several other gene categories-for example, signal transduction genes, such as calreticulin (CRT) and myo-inositol-1-phosphate synthase (MIPS), and several transmembrane receptors-also displayed mRNA abundance decreases during flagellar disassembly (Table 1) .
Genes in other categories showed different expression patterns. For example, genes encoding components of the light-harvesting complex (LHC) showed a similar downregulation of expression during both assembly and disassembly (Table 1) . In contrast, genes encoding the heat-shock proteins (HSPs) 22B, 22D, and 90C each showed a unique expression pattern (Table 1) . These genes have not previously been associated with flagellar structure or function, so this result suggests a new potential expression network associated with changes in flagellar length.
qRT-PCR expression profiling of selected genes: We selected several genes from various categories that demonstrated differential regulation in the microarray assay for characterization at higher resolution by qRT-PCR. The Chlamydomonas b-subunit-like polypeptide (CbLP/pcf8-13) (Schloss 1990 ) was used as an endogenous control because it is constitutively expressed during flagellar assembly as shown here in Figure 3A and previously Schloss 1990; Cheshire et al. 1994; Evans and Keller 1997) . Sequence analysis revealed that pcf8-13 (CbLP) is RACK1, a receptor of activated protein kinase C 1 (data not shown). RACK1 was constitutively expressed throughout the time course of flagellar disassembly ( Figure 3A) .
Cellular processes and signaling-cell motility: We chose the well-characterized structural genes a-and b-tubulin for further analysis with qRT-PCR. Because of sequence similarity in the genes encoding the two a-tubulins (Silflow et al. 1985) and two b-tubulins (Youngblom et al. 1984) , the relative mRNA abundance changes represent the contribution of both genes for each tubulin. As expected, the transcript levels of a-and b-tubulin increased during flagellar assembly and conversely decreased during disassembly, but the relative changes in a-and b-tubulin mRNA abundance were greater during disassembly (Figure 3 , B and C). In addition, b-tubulin mRNA abundance was greater than that of a-tubulin during both assembly and disassembly ( Figure 3, B and C) .
To expand the expression profile of structural genes during flagellar disassembly, we assessed the relative levels of radial spoke protein (RSP) mRNAs. Radial spoke proteins form a structural complex in the flagellum essential for motility as well as signal transduction (Yang et al. 2006) . mRNAs encoding RSP3, a component of the radial spoke stalk (Luck et al. 1977; Williams et al. 1989; Diener et al. 1993) , and RSP4 and RSP6, components of the radial spoke head, showed increased abundance during assembly in previous studies (Williams et al. 1986; Curry et al. 1992) . We demonstrated that, after IBMX treatment, RSP3, RSP4, and RSP6 mRNA abundances decreased during flagellar disassembly (Figure 3 , D, E, and F). In both acid shock and IBMX, the kinetics of RSP3 expression differed somewhat from those of RSP4 and RSP6. By 30 min, RSP3 reached its maximal change in mRNA abundance and then declined ( Figure 3D ). In contrast, RSP4 and RSP6 transcripts were maximally expressed later in the time course at 60 min (Figure 3, E and F) . Figure 2. -Distribution into eukaryotic orthologous groups of the 118 clones on the microarray whose mRNAs exhibited at least a twofold change in abundance. Also included is the RACK1 clone, which showed no differential expression. Categories listed in the key correspond to sectors of the graph shown clockwise from the top. The largest eukaryotic orthologous groups included cell motility (13%), energy production and conversion (17%), and signal transduction mechanisms (18%).
Because the RSP4 and RSP6 genes encode components of the same complex, the similarity of their expression profiles is reasonable.
Flagellar-associated genes: We profiled expression of several less well-characterized genes recently shown to be present in the flagellar proteome (Pazour et al. 2005) . FAP12, a partially characterized flagellar-associated protein with a lipase domain, was downregulated during flagellar disassembly to a greater degree than it was upregulated during assembly ( Figure 4A ). In our study, FAP12 mRNA reached its maximal abundance 90 min after either stimulation. We also found that FAP12 and pcf3-21, characterized in a previous study , are encoded by the same gene (data not shown). In accordance with previous work Evans and Keller 1997 ; supplemental data for Pazour et al. 2005) , the FAP12 (pcf3-21) gene was strongly upregulated during flagellar assembly and showed an expression profile similar to those of the major flagellar structural components.
Two other flagellar associated genes, FAP277 and FAP280, each showed a unique pattern of expression (Figure 4 , B and C) and are thus exceptions to the characteristic profile of upregulation during assembly and downregulation during disassembly. The FAP277 gene was upregulated during both disassembly and assembly, but the magnitude of the mRNA abundance change during disassembly was less than half that during assembly ( Figure 4B ). In addition, a distinct increase in relative abundance occurred between 30 and 60 min during assembly but was not evident during disassembly. The FAP280 gene exhibited a more complex pattern. Its abundance was slightly increased 30 min into flagellar disassembly but returned to baseline by 60 min and then decreased by 90 min ( Figure 4C ). Therefore, not all genes associated with the flagellar proteome show the coordinated pattern of abundance upregulation during assembly and downregulation during disassembly.
Intraflagellar transport (IFT) plays important roles in flagellar assembly and disassembly. It transports flagellar components along the length of the axoneme (reviewed by Scholey 2003) and may act to regulate length (Marshall and Rosenbaum 2001; Marshall et al. 2005) . IFT52 (BLD1/osm-6), an essential component for flagellar assembly (Brazelton et al. 2001) , has been localized predominately around the basal body in two horseshoe-shaped rings (Deane et al. 2001) . We found that the IFT52 gene was downregulated maximally at 60 min during disassembly ( Figure 4D ). In contrast, it was upregulated during assembly and maintained elevated expression as flagella reached pretreatment lengths ( Figure 4D ). We have therefore confirmed earlier reports of the abundance increase of IFT52 mRNA after flagellar loss (Brazelton et al. 2001; Stolc et al. 2005) and have extended the expression profile to include the 60-and 90-min time points ( Figure 4D ).
CALK, a Chlamydomonas aurora kinase, is a crucial element in the cell's ability to regulate flagellar excision and disassembly (Pan et al. 2004) . CALK mRNA abundance decreased at 30 min in both assembly and disassembly but returned to near-pretreatment levels at 90 min ( Figure 4E ). Pan et al. (2004) demonstrated that the CALK protein acts in an early step in both flagellar loss and disassembly, so its downregulation is correlated with downregulation of its activity later in both assembly and disassembly.
Cellular processes and signaling-intracellular trafficking: We also found effects on expression of genes whose products are involved in a variety of other cellular activities beyond an association with flagellar function.
Members of the ARF (ADP-ribosylation factor) family function in membrane trafficking (Nie and Randazzo 2006) and have known homologs linked to human ciliary disease. In C. reinhardtii, ARFA1a mRNA abundance decreased slightly during flagellar disassembly ( Figure 5A ), but during assembly, the relative abundance of ARFA1a mRNA clearly increased ( Figure 5A ). ARFA1a mRNA abundance reached its maximal at 60 min into flagellar assembly and then began to decline by 90 min ( Figure 5A ).
Cellular processes and signaling-signal transduction mechanisms: Previous work from our lab has demonstrated that the processes of flagellar excision, gene induction, and outgrowth are each independently regulated by calcium (Ca 21 ) (Cheshire and Keller 1991; Cheshire et al. 1994) . Calreticulin (CRT2) is a calcium-binding protein localized to the endoplasmic/ sarcoplasmic reticulum (reviewed by Michalak et al. 1992) . The relative abundance of CRT2 mRNA decreased by 30 min into flagellar disassembly and then plateaued throughout the remainder of the time course ( Figure 5B ). In contrast, the relative abundance of CRT2 mRNA steadily increased to a peak at 90 min during assembly ( Figure 5B ). The gene encoding MIPS (EC 5.5.1.4), the first enzyme in the biosynthesis of inositol (Majumder et al. 2003) , exhibited a unique pattern of mRNA abundance during flagellar assembly and disassembly. During disassembly, the relative abundance of MIPS mRNA increased at 30 min but then was downregulated to pretreatment levels by 60 and 90 min ( Figure 5C ). In contrast, during flagellar assembly, MIPS mRNA abundance increased by 30 min, peaked, and then had begun to decline at 90 min ( Figure 5C ).
Metabolism-energy production and conversion: Several metabolism-related genes displayed similar expression profiles during both assembly and disassembly of the flagellum. The abundance of mRNA encoding isocitrate lyase (ICL1; EC 4.1.3.1), an enzyme in the glyoxylate pathway, increased after both acid shock and IBMX treatment ( Figure 6A ), whereas mRNAs encoding components of the photosynthetic apparatus decreased ( Figure 6, B-D) . The abundance of Lhca2 and Lhca5 mRNAs, encoding polypeptides of photosystem I (Elrad and Grossman 2004) , showed similar decreases ( Figure 6 , B and C). Expression of Lhcb5 mRNA, encoding CP26 of the minor chlorophyll a-b binding protein of photosystem II (Minagawa et al. 2001; Elrad and Grossman 2004) , decreased to a greater magnitude than that of Lhca2 and Lhca5 ( Figure 6D ). The expression profiles of the LHC genes therefore reveal coregulation of the individual components and suggest a common regulatory mechanism in response to external stimuli.
DISCUSSION
Microarray technology is generally agreed to be a valuable tool for high-throughput, parallel analysis of gene expression changes. Our custom microarray assay identified .100 clones showing distinct expression patterns. The products of these genes participate in activities such as cell motility, signal transduction, intracellular trafficking, and metabolism. Through characterization of these clones, we have established a global expression profile for flagellar disassembly.
As expected, we found expression of genes encoding major flagellar components during assembly, in accordance with many previous studies (Lefebvre et al. 1980; Silflow et al. 1982; Baker et al. 1984; Keller et al. 1984; Schloss et al. 1984) . In addition, our comparison of assembly and disassembly expression profiles for known flagellar genes (Table 1 ) reveals an overall trend of increased expression during flagellar assembly and decreased expression during disassembly. Thus, our study has expanded the expression profile of disassembly to include other genes encoding structural components of the flagellum and has established a coordination between changes in gene expression and changes in flagellar length.
The flagellar proteome consists of known structural proteins, as well as less well-characterized signal transduction proteins and flagellar associated proteins (FAPs) (Pazour et al. 2005) . The genes encoding some FAPs show regulation during assembly Pazour et al. 2005; Stolc et al. 2005) , but whether these genes are regulated also during disassembly had not been explored before the study reported here. Among the genes we found to show regulation during assembly and disassembly are 21 whose products were identified by Pazour et al. (2005) as part of the flagellar proteome. For example, the expression profile of FAP12 is similar to that of known flagellar structural components. Alternatively, genes encoding the less wellcharacterized FAP277 and FAP280 exhibited unique regulation profiles that are not characteristic of known flagellar structural genes. Microarray technology has the ability to predict genes involved in regulatory networks on the basis of similar expression profiles (Derisi et al. 1997) . The product of the FAP12 gene may therefore serve a structural role, whereas the products of FAP277 and -280 may play regulatory roles, perhaps in regulating flagellar length.
Among the genes that we identified as associated with flagellar assembly and disassembly are several linked to ciliary disease. For example, the ARFA1a gene showed a unique expression profile in C. reinhardtii during flagellar length changes. Other ARF family members have previously been linked to human ciliary disease. Scorpion, a zebrafish cystic kidney gene, is a small GTPase in the ARF family (Pazour et al. 2005 ) necessary for ciliary assembly (Sun et al. 2004 ). In addition, C. elegans ARL6, a member of the ARF-like (ARL) family of GTPases, is linked directly to Bardet-Beidl syndrome . ARL6 is specifically expressed in ciliated cells and undergoes bidirectional IFT . On the basis of the link between ARL6 and IFT, Fan et al. (2004) proposed a role in trafficking not only in the cytosol but also in the axoneme. The regulation of ARF expression that we found supports the possibility that ARF plays a similar role in C. reinhardtii IFT.
The expression profiles presented here demonstrate regulation of genes relating to information storage/ processing and various types of metabolism, functions not normally associated with flagellar structure. These expression profiles yield clues to a molecular basis for the whole-cell response to stimulus-induced changes. The fact that only 21 of the 118 strongly regulated genes reported here are found in the flagellar proteome suggests that this whole-cell response is larger than previously recognized. For example, the expression profile that we constructed revealed upregulation of mRNAs encoding ICL1, a key enzyme in the glyoxylate pathway, and downregulation of mRNAs encoding the LHC components. Others (Zhang et al. 2004; Stolc et al. 2005; Moseley et al. 2006) have also noted the decrease in relative abundance of LHC genes in response to various stimuli. Petridou et al. (1997) showed that the relative abundance of ICL transcripts decreases within 30 min of exposure to light, suggesting a switch from stored energy (glyoxylate pathway) to photosynthetic energy use. We found a similar inverse relationship between the mRNA abundance of ICL and photosynthetic components in response to external stimuli. Cells may therefore switch to a stored form of energy while recovering from stimulation.
Our study characterizes known flagellar genes, flagellar-associated genes, and genes connected with the flagellum in ways not yet understood. This research begins to define the interrelationship between the cellular and molecular networks regulating flagellar length changes. Through global expression studies of the genes associated with flagellar assembly and disas- sembly, we can begin to dissect the intricacies of this complex organelle and to uncover fundamental regulatory mechanisms that are part of a whole-cell response to stimulation.
